Long-term in vivo imaging of cells is crucial for the understanding of cellular fate in biological processes in cancer research, immunology or in cell-based therapies such as beta cell transplantation in type I diabetes or stem cell therapy. Traditionally, cell labelling with the desired contrast agent occurs ex vivo via spontaneous endocytosis, which is a variable and slow process that requires optimization for each particular label-cell type combination. Following endocytic uptake, the contrast agents mostly remain entrapped in the endolysosomal compartment, which leads to signal instability, cytotoxicity and asymmetric inheritance of the labels upon cell division. Here, we demonstrate that these disadvantages can be circumvented by delivering contrast agents directly into the cytoplasm via vapour nanobubble photoporation. Compared to classic endocytic uptake, photoporation resulted in 50 and 3 times higher loading of fluorescent dextrans and quantum dots, respectively, with improved signal stability and reduced cytotoxicity. Most interestingly, cytosolic delivery by photoporation prevented asymmetric inheritance of labels by daughter cells over subsequent cell generations. Instead, unequal inheritance of endocytosed labels resulted in a dramatic increase in polydispersity of the amount of labels per cell with each cell division, hindering accurate quantification of cell numbers in vivo over time. The combined benefits of cell labelling by photoporation resulted in a marked improvement in long-term cell visibility in vivo where an insulin producing cell line (INS-1E cell line) labelled with fluorescent dextrans could be tracked for up to two months in Swiss Nude mice compared to two weeks for cells labelled by endocytosis.
Introduction
There is great interest in monitoring in vivo transplanted cells for research and therapeutic purposes. In cancer research, for instance, it is of importance to visualize cancer cells in real time to study their metastatic potential in animal models 1 . In vivo tracking of cells is also desired for cell therapies to follow-up on treatment efficacy 2 . Examples are stem cells in regenerative medicine 3, 4 , β-cells for the treatment of type I diabetes 5 and immune cells such as T-cells in immunotherapy 6 .
For in vivo cell tracking, the cells need to be labelled before transplantation, for which two main strategies are being explored. One is to transfect the cells with a reporter gene 2, 7 and follow-up on their proliferation through optical imaging, positron emission tomography or magnetic resonance imaging [8] [9] [10] . This strategy, however, requires a rather time-consuming transfection procedure that may lead to undesired phenotypical alterations and abnormalities in the transplanted cells in comparison to the native cells [11] [12] [13] . The second strategy is to label the cells with exogenous contrast agents, being either organic probes or inorganic nanoparticles (NPs) 14, 15 . Examples are fluorescently labelled dextrans 16, 17 and quantum dots (QD) for optical fluorescence imaging [18] [19] [20] , or superparamagnetic iron oxide NPs and Gadolinium complexes for magnetic resonance imaging (MRI) 4, 21, 22 . Traditionally, these contrast agents are simply incubated with the cells, in some cases in combination with transfecting agents, so that they are internalized primarily by endocytic uptake. Despite its simplicity and widespread use, several disadvantages are connected to this way of labelling cells. First, as endocytosis is a highly cell-type dependent process, the labelling procedure needs to be optimized for each particular nanomaterial-cell type combination. In addition, several cell types such as T-cells have difficulties in internalizing extracellular compounds through endocytosis 23 . In other cases, problems may arise for cells that have a limited life span in culture, such as pancreatic islets, as efficient cell labelling through endocytic uptake is a rather slow process 24 . A second problem is that entrapment of contrast agents in the acidic endolysosomes may lead to increased cytotoxicity, for instance by creating reactive groups on the NP surface or by leaching of toxic metal ions, such as Cd 2+ in case of QDs [25] [26] [27] . A third disadvantage of endocytic cell labelling is that the vast majority of the contrast agents are trafficked to the endolysosomes where they are exposed to an acidic and overall degrading environment 26, 28 . This can lead to degradation of the contrast agent, lowering the signal intensity, as reported for fluorescent labels [28] [29] [30] as well as MRI contrast agents [31] [32] [33] . In addition, it has been reported that nanomaterials trapped in endolysosomal vesicles are not distributed equally over daughter cells upon cell division 30, 34, 35 . While this process has been proposed to be a protective mechanism where the daughter cell with the highest NP load can be sacrificed in favour of the daughter cell with the lowest NP content 29, 36 , recent findings show that asymmetric inheritance of vesicles is an inherent cell-biological phenomenon 37 . For quantitative cell tracking applications asymmetric inheritance of contrast agents over daughter cells is disadvantageous as it hinders accurate quantification of cell numbers over time, apart from the fact that the brightest signals are coming from cells that are suffering from the highest cytotoxicity.
In this work, we hypothesized that direct delivery of contrast agents into the cytosol could alleviate the many difficulties related to endocytic cell labelling. Evidently, this requires a technology that is able to deliver a broad range of contrast agents across the cell membrane in a fast, efficient and non-toxic manner. Vapour nanobubble (VNB) photoporation is an interesting and relatively new method that is receiving increasing interest in recent years to deliver nanomaterials into cells [38] [39] [40] [41] . It is based on the usage of plasmonic nanoparticles, typically gold nanoparticles (AuNP), adsorbed to the plasma membrane of cells that are illuminated with pulsed laser light. If a short laser pulse (< 10 ns) of sufficiently high intensity is absorbed by an AuNP, its temperature can rapidly increase to several hundred degrees due to efficient heat confinement 42 . If the AuNP is located in hydrated tissue, like in cell culture, the water surrounding the AuNP will evaporate. This results in the generation of an expanding VNB around the AuNP surface, with a size ranging from tens to hundreds of nm depending on the laser pulse intensity. When the thermal energy of the AuNP is consumed, the VNB violently collapses causing local damage to the surrounding tissue by highpressure shock waves. Due to the extremely short lifetime of VNBs (<1 µs), the diffusion of heat from the AuNP into the environment is negligible so that almost all energy of the irradiated AuNP is converted to mechanical energy (expansion of the VNB). This property makes VNB photoporation an interesting technology to mechanically perforate the cell membrane, without causing unspecific thermal damage to cells. Building forth on recent successes with the cytosolic delivery of therapeutic molecules [43] [44] [45] , here we show that vapour nanobubble photoporation is a well-suited technology for cytosolic cell labelling in a fast and non-toxic manner. First, we demonstrate efficient and safe loading of fluorescent dextran and QD in different cell types by photoporation. Compared to endocytic uptake, cell loading with photoporation was 50 and 3 times more efficient for FITC-dextran (FD) and QD, respectively. Combined with reduced toxicity, this enabled extended cell visualization in vitro over 10 generations for FD and 3 generations for QD. This shows that old-school labelled dextrans are excellent inexpensive and bio-compatible labels for cell tracking when delivered by photoporation as compared to much more expensive and toxic QDs. We demonstrate for the first time that asymmetric inheritance of fluorescent labels can be avoided by cytosolic delivery via photoporation. As a result, the cell intensity polydispersity remains identical over multiple cell divisions, while it rapidly increases for endocytic loading (already factor 10 after 6 divisions). Finally, we show extended in vivo imaging of an insulin producing cell line (INS-1E cell line) labelled with Cy5.5-dextran by photoporation. Cells labelled by photoporation could be imaged up to two months instead of only two weeks in case of endocytic labelling.
Results
Photoporation enables efficient cytosolic delivery of contrast agents with reduced cytotoxicity.
The procedure of delivering contrast agents into the cytosol of cells by vapour nanobubble photoporation is illustrated in Fig. 1a . Cells are first incubated with plasmonic NPs, such as gold NPs (AuNPs), for [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] min. During that time the AuNP can adsorb to the cells and are internalized just below the plasma membrane by endocytic uptake (see TEM images in Figure S1 ). On average ~8 AuNPs are associated per cell as determined by confocal reflection imaging ( Figure S1 and Supporting Movie 1). After washing the cells to remove the unbound AuNPs, the contrast agent is added and the cells are irradiated with ns (nanosecond) pulsed laser light. When a laser pulse of sufficiently high intensity is applied, the temperature of the AuNPs increases to several hundred degrees causing the water surrounding the AuNPs to evaporate. 46 This in turn results in the formation of vapour nanobubbles that expand and collapse, thereby inducing pores in the cell membrane and allowing the contrast agent to diffuse into the cytoplasm. In our set-up, the cells are grown in a 96-well plate and the laser beam covers a circular area of ~150 µm diameter. The laser pulses are synchronized with a programmed motorized stage to assure that each cell in the culture dish receives one or two laser pulse. Scanning of the entire well takes approximately three minutes, which is essentially limited by the laser repetition rate (20 Hz) . The generation of vapour nanobubbles can be confirmed with dark field microscopy ( Figure S1c Fig. 1c, d ). For instance, at a laser fluence of 4 J/cm 2 , cells labelled with FD by photoporation are as much as 50 times brighter as compared to endocytic labelling at the highest concentration tested. While the difference was less pronounced in case of CdSe QD, still a 3 times higher labelling intensity was found in case of photoporation. In terms of cytotoxicity (lower panels in Fig. 1c, d . As can be seen from the results in Figure S4 , the findings on HeLa cells could be confirmed for INS-1E cells, indicating that the results are independent of the cell type.
Cell labelling by photoporation enables extended cell tracking in vitro.
So far we have shown that photoporation allows a much higher amount of label to be delivered into (the cytoplasm of) cells. Combined with the fact that endolysosomal degradation or quenching of the label is avoided when contrast agents are directly delivered to the cytoplasm, we hypothesized that those cells can be imaged over an extended number of cell generations as compared to cells labelled by endocytosis. In the following experiments, a laser fluence of 2 J/cm 2 was used, for which the cell viability remains above 80%
for both FD and CdSe QD (cfr. Importantly, a signal decrease that is only attributed to dilution by cell division is the best one can achieve for extrinsic contrast agents. Instead, cells labelled by endocytosis exhibited a much more rapid decrease of the cell signal ( Fig. 2a, b) , due to other processes than cell division alone, most importantly label degradation (CdSe QD) or fluorescence quenching (FD) in the acidic endolysosomes 26, 28 .
To more precisely quantify the gain in long-term cell visibility of photoporated cells, we determined the percentage of detectable cells, i.e. cell with an intensity higher than unlabelled control cells, over multiple cell generations by flow cytometry (Fig. 2c, d by endocytosis and photoporation were even more pronounced. Almost no cells could be detected after one generation in case of endocytic loading, likely due to the long residence time in the degradative endolysosomes of the slow division rate. Instead, when CdSe QDs were delivered into the cytosol by photoporation, it was only after eight cell divisions that the signal was lost. Taken together, we conclude that delivering labels into the cytosol by photoporation significantly enhances the long-term cell visibility, with a signal decay that is solely determined by cell division. Due to the high loading capacity we find that old-school FDs clearly outperform CdSe QDs for this purpose.
Cytosolic delivery of contrast agents avoids asymmetric inheritance over daughter cells and the concomitant increase in cell labelling polydispersity.
It is known that contrast agents residing in endocytic vesicles are partitioned unequally between daughter cells during cell division 30, 37 . This results in an increasingly heterogeneous population of labelled cells with each cell division, which confounds quantification of cell numbers in in vivo applications. We hypothesized that this drawback can be countered by directly delivering contrast agents into the cell cytoplasm. For a quantitative comparison between endocytosis and photoporation, we selected Alexa fluro@488 labelled dextran (AD) and InP/ZnS core/shell quantum dots (InP QD) which should be less affected by the acidic and degradative environment of the endolysosomes. This is confirmed by Figure S7 showing that the signal decay over cell generations is only due to cell division after endocytic uptake. Hence, changes in cell intensity are only due to cell division, as is required for these experiments.
In first instance, the mitotic partitioning of the intracellular fluorescent labels in individual HeLa cells was imaged by fluorescence microscopy for two subsequent cell divisions, with pictures being taken every hour.
Representative images in This is due to a small amount of label endocytosed during the three minutes laser treatment, as confirmed by control experiments where cells were incubated for the three minute with AD and InP QD ( Figure S8 ).
After two cell divisions the asymmetric partitioning of endocytosed contrast agents over daughter cells can already be noticed on sight (compare for instance D11 with D12 in Fig. 3b ).
To more precisely quantify and characterize the mitotic inheritance of contrast agents in daughter cells, we To confirm these results, we went on to investigate statistically the inheritance of contrast agents by daughter cells using flow cytometry. The FI was measured immediately after labelling and after one cell division (respectively the grey and black lines in Fig. 3e-f) . To interpret these results, we developed a statistical model describing the inheritance of materials over daughter cells. The model was applied to the experimental data to obtain the distribution that best matches the observed daughter distribution starting from the mother distribution. The result of the fitting is a parameter p that expresses the extent of asymmetry, with 0.5 indicating perfect symmetry. As expected from the microscopy data and in accordance with our hypothesis, for photoporated cells a p value of 0.50 and 0.51 was found for AD and InP QD, respectively.
This result is independent of the cell type as the same observation was made in a second cell line (C17.2 cells, Figure S9 ). On the contrary, an unequal distribution of endocytosed contrast agents could be confirmed with p values of 0.66 for AD and 0.63 for the InP QD.
While an asymmetric division of 40/60 may not seem substantial in the first generation, it does introduce tremendous polydispersity in cell intensity over multiple cell divisions. This can be seen in Fig. 4 where the FI distributions are shown over multiple generations for endocytic labelling ( Fig. 4a) and labelling by photoporation (Fig. 4b) . The polydispersity is plotted as a function of cell generation in Fig. 4c, clearly showing that it remains unchanged for cytosolic delivery but increases rapidly for endocytic uptake.
Additionally, we applied the statistical inheritance model to the mother distributions (p = 0.51 for photoporation and p = 0.64 for endocytosis) and found that it accurately predicts the observed polydispersity trend.
Cell labelling by photoporation enables prolonged in vivo cell imaging.
Cell transplantation has been proposed as an attractive therapy in a multitude of pathologies. One example is type I diabetes, where insulin producing cells transplantation is a promising strategy to replenish insulin Fig. 5) . Over time, the fluorescent signal gradually decreased, which resulted in complete signal loss for the cells labelled by endocytosis at day ~15 post injection ( Fig. 5a) . Strikingly, even after 55 days post injection, vapour nanobubble photoporated cells remained clearly detectable (Fig. 5b) . In addition, the bioluminescent signal remained present at the injection site, which shows that the cells remained alive during the experiment ( Figure S11) . No detectable bioluminescent signal was found in other parts of the mouse bodies, indicating that no substantial amounts of viable cells (> 100) migrated away from the injection site. Note that a gradually increasing signal intensity is visible in the 'upper left part' of the mouse, which is most likely coming from the spleen and may be due to Cy5.5-dextrans that have been cleared from dead or dying cells over the time course of the experiment (two months). Overall, we can conclude that cytosolic cell labelling by photoporation clearly outperforms the classical endocytosis method for long-term in vivo cell tracking.
Due to its higher loading capacity, we furthermore find that old-school labelled dextrans are better suited for long-term cell imaging than the newer class of more expensive and often cytotoxic QDs.
Discussion
For in vivo imaging of transplanted cells, labelling with the desired contrast agents is classically performed via simple incubation and subsequent internalization by endocytosis. This means that the contrast agent will typically be sequestered in endolysosomes, which is associated with a number of potential drawbacks.
Endocytic uptake is typically time-consuming, has limited loading capacity, may lead to quenching or degradation of labels with concomitant increased cytotoxicity, and results in asymmetric division over daughter cells. In this work we hypothesized that these shortcomings could be largely alleviated by delivering contrast agents directly into the cytosol. Photoporation was chosen to this end, as it was recently shown by our group and others to be a fast, efficient and non-toxic method to deliver therapeutic agents into the cytosol of cells, independent of cell type 40, 43, 45 . Following adsorption of a small number of gold nanoparticles to the cell membrane (~8 per cell), cells receive a single ns laser pulse so as to induce transient membrane pores by the mechanical force of vapour nanobubbles. Exogenous labels that are supplied in the cell medium can then diffuse through the pores into the cytoplasm. A particular benefit of photoporation by vapour nanobubbles is that there is no net heat transfer to the cellular environment. This means that cells experience less cytotoxicity as compared to the more traditional photothermal treatment at lower laser intensities in which case small pores are induced by heating of the cell membrane 43, 49 .
As a single ns pulse per cell is sufficient, the photoporation procedure is essentially limited by the laser repetition rate. The laser used in this work had a (limited) repetition rate of 20 Hz which resulted in a treatment time of 3 min for a single well of a 96 well plate. While this is already much faster than endocytic labelling, we expect that speed can be increased further in the future by at least one order of magnitude by switching to a picosecond laser with higher repetition rate 40 .
As contrast agents can be distributed throughout the entire cytoplasm, photoporation allows much higher cell labelling efficiency as compared to endocytic uptake, where contrast agents are restrained to the endolysosomal compartments. For 10 kDa FITC-dextran we observed a 50-fold increase in cell loading compared to endocytosis independent of cell type. As QDs are larger (slower diffusion) and can only be supplied in a lower molar concentration (due to cost and toxicity), the difference in loading capacity was less pronounced, but photoporation was still 3 times more efficient than endocytic uptake of CdSe QD.
When analysing the fluorescence intensity of cells labelled by endocytosis over multiple generations, we noticed that the signal intensity rapidly decreased for both FITC-dextran and CdSe QD labelled cells.
Sequestration in the acidic and degradative endolysosomes results in quenching of the fluorescein label (which is strongly pH dependent) and degradation of the CdSe QD 29 . Instead, when the same labels were delivered into the cytosol by photoporation, the signal decrease over multiple cell generations was only due to dilution in the daughter cells. Again these results were cell-independent since the same observations were made for three different cell types, including therapeutically relevant insulin producing INS-1E cells. In addition, endosomal sequestration of CdSe QD resulted in noticeable concentration-dependent toxicity, which could be largely avoided when delivered in the cytosol by photoporation. This is in agreement with a recent publication where metallic NPs were found to cause cell injury when sequestered in endosomes, but not when delivered straight into the cytoplasm 50 . Nanomaterials, like QDs, present in the endolysosomes are known to be distributed unevenly over daughter cells upon cell division 30 . Here we could confirm this observation and report for the first time that it is equally true for endocytosed molecular agents like Alexa Fluor dextran. This is perhaps not so surprising in light of the recent finding that asymmetric inheritance of vesicles is a naturally occurring cellular process 37 .
Indeed, asymmetric cell division appears to be a crucial biological feature that does not only provide protection against exogenous materials, but is also involved in differentiation towards various lineages 51, 52 .
Here, we hypothesized that asymmetric inheritance of contrast agents could be avoided by delivering the labels directly into the cell cytoplasm. In that case the labels are homogeneously distributed throughout the cytoplasm and there is no active mechanism that the cell can use anymore (such as motor proteins in case of endosomes) to shuttle the nanomaterials preferentially to one of the daughter cells. This was confirmed with labelling by photoporation independent of label and cell type. In contrast, in case of endocytosis, labels were divided over daughter cells in a 40/60 ratio. While this may not seem like a major problem on first sight, it does pose problems for accurate quantification of cell numbers in in vivo imaging after multiple cell divisions. Indeed, already after 6 generations the label polydispersity will have increased 10-fold so that it becomes increasingly difficult to accurately relate the detected signal to cell numbers. Instead, equal inheritance after cytosolic loading by photoporation ensures that the polydispersity does not increase over cell generations. This means that signal quantification remains equally accurate over time in long-term cell tracking studies, which is of major importance for instance for following-up on cell therapies. To our knowledge, this is the first time that it is shown that asymmetric inheritance of exogenous materials can be avoided by delivering labels directly into the cytosol. This shows that old-school fluorescent dextrans are excellent labels for cell tracking in vivo, especially in combination with photoporation. Taken together, we can state that we developed a highly efficient and safe method to label cells that enables straightforward long term cell tracking.
Here, photoporation was selected for the cytosolic delivery of contrast agents into live cells since it has been shown to enable efficient loading at high throughput and with low toxicity. Although it needs to be demonstrated in future research, it could be expected that similar findings on long-term visibility and symmetric inheritance in daughter cells may be obtained with other methods that enable cytosolic delivery of contrast agents. For instance, electroporation could be explored to this end, although it is typically associated with high cell death 53 and for QD it was reported to result in marked aggregation 54 . Also molecular approaches are developed to this end where contrast agents are conjugated to ligands thathopefully -can translocate the contrast agents into the cytoplasm, either directly across the cell membrane or across endosomal membranes after endocytic uptake. Examples are CFSE (Carboxyfluorescein succinimidyl ester) 55 , but also CPP (cell-penetrating peptide) conjugates 56 . Yet it is clear that such strategies require special development of conjugates for each type of label, apart from the fact that the efficiency may be very much cell-dependent. Instead, a fast and efficient method like photoporation is entirely independent of the type of label or cell type used, and we expect that this method will see quickly increasing applications for intracellular delivery in general.
Conclusions
Direct cytosolic delivery of nano-sized contrast agents by photoporation opens up exciting avenues for improved long-term quantitative in vivo cell tracking. Apart from much more efficient cell loading and prolonged cell visibility in vitro and in vivo as compared to endocytic labelling, we show for the first time that asymmetric inheritance of labels can be avoided by delivering the labels directly into the cytosol through photoporation. As photoporation is independent of the cell type and contrast agent used, we expect that it will be a major benefit for improved long-term cell tracking studies. While this study focused on fluorescence labels, it will be of interest to evaluate in the future cell labelling with e.g. superparamagnetic iron oxide nanoparticles or Gd-complexes for magnetic resonance imaging. 
Here, T is the transfer function and includes two binomial functions, describing the probability of N 1 endolysosomal vesicles containing NPs being inherited by one of the daughter cells upon division of the mother cell with N vesicles. Parameter p describes the probability of endolysosomal vesicles being allocated to a specific daughter cell during division. p = 0.5 signifies 50% chance that the daughter cell will receive the vesicle, while p = 1 means that all of the vesicles will be inherited by the daughter cell. While this model was developed for describing the repartitioning of a small number of NP containing endolysosomal vesicles (typically<100), in our work we are dealing with much higher numbers (typically >10 5 particles). When the statistical samples are large enough (typically N>100), the binomial distribution can be approximated by a normal distribution. This means that the convolution probability distribution can be approximated by a normal distribution. Similarly, the fluorescence intensity distributions of daughter cells can be convoluted by the transfer function implemented with a normal probability function:
Here, I is the fluorescence intensity of a mother cell and I 1 is the fluorescence intensity inherited by one of the daughter cells after cell division. The transfer function T (I, I1) can be expressed with two normal distribution functions which describe the probability that a mother cell with intensity I transfers its contrast agents over its daughter cells in a ratio I 1 /I-I 1 :
Here, f is the fraction of cells that have undergone mitosis and N is the normal distribution function.
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The mean µ1 and µ2, and the standard deviation σ are defined as
where p is the probability that a contrast agent is inherent by one particular daughter cell upon cell division and I is the mother cell fluorescence intensity.
In vivo experiments long-term cell tracking post injection in mice. All animal experiments were executed in accordance with national and European regulations and approved by the local Animal Ethics Committee.
Swiss Nude mice (7-9 weeks old, Charles River, Chatillon-sur-Chalaronne, France) received 1 million LV- 
